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Vascular wilts are among the most destructive plant diseases that occur in annual crops as
well as in woody perennials. These diseases are generally caused by soil-borne bacteria,
fungi, and oomycetes that infect through the roots and enter the water-conducting xylem
vessels where they proliferate and obstruct the transportation of water and minerals. As a
consequence, leaves wilt and die, which may lead to impairment of the whole plant and
eventually to death of the plant. Cultural, chemical, and biological measures to control this
group of plant pathogens are generally ineffective, and the most effective control strategy is
the use of genetic resistance. Owing to the fact that vascular wilt pathogens live deep in the
interior of their host plants, studies into the biology of vascular pathogens are complicated.
However, to design novel strategies to combat vascular wilt diseases, understanding
the (molecular) biology of vascular pathogens and the molecular mechanisms underlying
plant defense against these pathogens is crucial. In this review, we discuss the current
knowledge on interactions of vascular wilt pathogens with their host plants, with emphasis
on host defense responses against this group of pathogens.
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INTRODUCTION
Plants are continuously confronted with potential pests and
pathogens that include insects, nematodes, viruses, bacteria, fungi,
and oomycetes. While many of these organisms evolved to infect
aerial plant parts, such as leaves, stems, ﬂowers, and fruits, oth-
ers target below-ground organs, such as roots and tubers. Speciﬁc
pathogens target the vascular system that is composed of xylem
vessels, tracheary elements that transport water and minerals
that are absorbed by the roots to the photosynthetic organs, and
phloem elements, the living tissue that transports organic photo-
synthesis products. Paradoxically, although the phloem is rich in
sugars, most vascular pathogens colonize the nutrient-poor xylem
vessels. This may be explained by the accessibility of both types of
vessel elements, as the phloem is characterized by living cells with
a high osmotic pressure which makes penetration difﬁcult, while
the xylem is composed of dead tracheary elements with relatively
low osmotic pressure. Consequently, phloem pathogens comprise
rickettsias, spiroplasmas, and phytoplasmas that are introduced by
vectors such as phloem feeding insects, or by cultural practices like
grafting.
Xylem-invading pathogens comprise bacterial, fungal, and
oomycetemicroorganisms that cause vascular wilt diseases. Vascu-
lar wilt pathogens are among the most destructive plant pathogens
that can wipe out entire crops. Vascular wilt diseases occur world-
wide and affect annual crops as well as woody perennials, thus
not only impacting food and feed production, but also natu-
ral ecosystems. Most of the symptoms caused by vascular wilt
pathogens develop in acropetal direction: from bottom to top.
Epinasty is the primary disease symptom, followed by ﬂaccidity,
chlorosis, vascular browning, and necrosis of the terminal leaﬂets
(Agrios, 2005). A large range of symptoms is caused by vascu-
lar wilt pathogens, and the same pathogen may cause different
symptoms on different host plants. Depending on the pathogen
species and the host, plants may become stunted, wilt partially
or completely, and ultimately die. Plant death may occur within
days to weeks or, in case of perennials, months to years (Purcell
and Hopkins, 1996; Fradin and Thomma, 2006; Niño-Liu et al.,
2006; Juzwik et al., 2008; Klosterman et al., 2009, 2011; Michielse
and Rep, 2009; Genin, 2010; Janse and Obradovic, 2010; Har-
wood et al., 2011). Age, ﬁtness, and the nutritional status of the
host, environmental conditions, and virulence of the pathogen can
all determine the speed and severity at which symptoms develop
(Tjamos and Beckman, 1989; Hayward, 1991; Roncero et al., 2003;
Niño-Liu et al., 2006; Chatterjee et al., 2008). In all cases where it
is observed, wilting symptoms represent a transitory phase of the
disease.
Vascular wilt pathogens generally overwinter in soil, plant
debris, watercourses, or in insect vectors (Fradin and Thomma,
2006; Niño-Liu et al., 2006; Juzwik et al., 2008; Klosterman et al.,
2009, 2011; Michielse and Rep, 2009; Genin, 2010; Janse and
Obradovic, 2010; Nadarasah and Stavrinides, 2011). While most
vascular wilt pathogens are soil-borne and enter their hosts
through the roots by penetration via wounds or cracks that appear
at the sites of lateral root formation (Vicente et al., 2001; Di Pietro
et al., 2003; Fradin and Thomma, 2006; Klosterman et al., 2009;
Michielse and Rep, 2009; Genin, 2010), some enter leaves via natu-
ral openings such as stomata and hydathodes, such as the bacterial
leaf blight pathogen of rice, Xanthomonas oryzae (Niño-Liu et al.,
2006). Furthermore, some vascular wilt pathogens are delivered
directly into the xylem by insect vectors that feed on xylem sap,
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such as Xylella fastidiosa bacteria that are transmitted by leafhop-
pers, or by chewing insects, such as Ophiostoma fungi that are
transmitted by bark beetles (Purcell andHopkins, 1996; Chatterjee
et al., 2008; Moser et al., 2010; Nadarasah and Stavrinides, 2011).
Regardless of the mechanism used by vascular wilt pathogens to
enter their hosts, they subsequently colonize the xylem vessels
where they proliferate (Tjamos and Beckman, 1989; Purcell and
Hopkins, 1996; Agrios, 2005; Niño-Liu et al., 2006; Klosterman
et al., 2009; Genin, 2010).
CONTROL OF VASCULAR WILT DISEASES
Controlling vascular wilt pathogens is difﬁcult for several rea-
sons. First of all, no efﬁcient treatments exist to cure infected
plants, and growers generally have to remove them from their
crops. Secondly, many vascular wilt pathogens are soil-borne and
produce persistent resting structures that are able to survive for
long periods of time in the absence of host plants. Thirdly, some
of these pathogens can infect a broad range of host plants and
as a consequence, cultural control measures such as crop rotation
are generally not very effective. Resting structures are desirable
targets for control by soil solarization and chemical fumigation.
However, limitations in large-scale applicability and ban on chem-
ical fumigants because of public health and environmental issues
render these approaches unsuitable. Biological agents and organic
soil amendments are used to control vascular wilt diseases (Tsuda
et al., 2001; Spadaro and Gullino, 2005; Suárez-Estrella et al., 2007;
Ji et al., 2008; Markakis et al., 2008). For instance, injection of
the Dutch trig, a bio-control vaccine that contains conidia of
a non-pathogenic strain of the vascular wilt fungus Verticillium
albo-atrum isolate, into elm trees is used to induce the natural
defense against Dutch elm disease caused by the fungi O. ulmi
and O. novo-ulmi (Scheffer et al., 2008). However, since biological
agents are often affected by biotic and abiotic factors, performance
of bio-control microorganisms in the ﬁeld is often inconsistent
(Tsuda et al., 2001).
The most effective strategy to control vascular wilt diseases
thus far is the use of genetic resistance in host plants. Due to
the fact that vascular wilt pathogens live deep in the interior of
their host plants, studies into the biology of vascular pathogens
is complicated. However, their high economic impact, combined
with the absence of curative treatments, justiﬁes increased atten-
tion. The recent availability of a number of genome sequences of
vascular pathogens has inspired novel research efforts to unravel
the molecular basis of vascular wilt diseases (Table 1). To design
novel strategies to combat vascular wilt diseases, understanding
the (molecular) biology of vascular pathogens and the molecular
mechanisms underlying plant defense against these pathogens is
crucial.
CAUSAL AGENTS OF VASCULAR WILT DISEASES
FUNGAL VASCULAR WILT PATHOGENS
There are four fungal genera containing the major vascular wilt
pathogens: Ceratocystis (vascular wilts of oak, cocoa, and euca-
lyptus), Ophiostoma (vascular wilts of elm trees), Verticillium
(broad host range), and Fusarium (broad host range; Tjamos
and Beckman, 1989; Agrios, 2005; Juzwik et al., 2008; Schu-
mann and D’Arcy, 2010; Harwood et al., 2011; López-Escudero
Table 1 | Publically available genome sequences of vascular wilt
pathogens.
Organism Species Reference
Fungus Verticillium dahliae Klosterman et al. (2011)
Verticillium albo-atrum Klosterman et al. (2011)
Fusarium oxysporum f. sp.
lycopersici
Ma et al. (2010)
Bacterium Ralstonia solanacearum Salanoubat et al. (2002)
Xanthomonas oryzae pv.
oryzae
Lee et al. (2005)
Xanthomonas campestris pv.
campestris
Qian et al. (2005)
Xylella fastidiosa Simpson et al. (2000)
Clavibacter michiganensis
ssp. michiganensis
Gartemann et al. (2008)
Erwinia amylovora Sebaihia et al. (2010),
Smits et al. (2010),
Powney et al. (2011)
Oomycete Pythium ultimum Lévesque et al. (2010)
and Mercado-Blanco, 2011). In contrast to the other three gen-
era, the vast majority of Fusarium vascular wilt pathogens all
belong to a single species, F. oxysporum, which contains morpho-
logically indistinguishable pathogenic and non-pathogenic strains
(Lievens et al., 2008). The pathogenic strains cause vascular wilts
or root rot in over 100 different host species (Di Pietro et al.,
2003; Roncero et al., 2003; Michielse and Rep, 2009). Despite
the broad host range of these species, individual strains typically
infect only a single or a few hosts and are assigned to formae
speciales (Michielse and Rep, 2009). Interestingly, it was exper-
imentally demonstrated that the transfer of two lineage speciﬁc
(LS) chromosomes from a tomato pathogenic F. oxysporum f. sp.
lycopersici strain to a non-pathogenic strain converted the latter
into a tomato pathogen, suggesting that host speciﬁcity within
F. oxysporum may be determined by pathogenicity chromosomes
(Ma et al., 2010). Such pathogenicity chromosomes have not been
identiﬁed in vascular wilt pathogens of the Verticillium genus for
which genome sequences have recently been determined as well
(Klosterman et al., 2011).
Most fungal vascularwilt pathogens overwinter as resting struc-
tures in the soil or on dead host tissues. These include microscle-
rotia, chlamydospores, thick-walled mycelium, and spore-bearing
coremia that all can survive for an extended period of timewithout
losing viability. Compounds released from host plants, referred
to as exudates, trigger germination of these resting structures.
Except for Ophiostoma spp. and the oak wilt pathogen Cerato-
cystis fagacearum that are transmitted by beetles (Hayslett et al.,
2008; Juzwik et al., 2008; Harwood et al., 2011), fungal vascular
wilt pathogens enter their host plants through the roots. Follow-
ing penetration, the fungi colonize the cortical cells from where
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hyphae migrate intercellularly toward the vascular parenchyma
cells and invade the xylem vessels (Di Pietro et al., 2003; Kloster-
man et al., 2009; Schumann and D’Arcy, 2010; Nadarasah and
Stavrinides, 2011). In the xylem, conidiospores are produced
which are disseminated acropetally with xylem sap movement.
Fungal vascular wilt pathogens are mostly restricted to xylem
vessels, but once host tissues become necrotized also these are col-
onized and the fungus starts to produce resting structures which
are released into the soil eventually (Di Pietro et al., 2003; Agrios,
2005; Fradin and Thomma, 2006).
BACTERIAL VASCULAR WILT PATHOGENS
Seven bacterial genera contain vascular wilt pathogens: Clavibac-
ter (causing ring rot of potato and bacterial canker and wilt of
tomato), Curtobacterium (bacterial wilt of beans), Erwinia (bac-
terial wilt of cucurbits), Pantoea (stewart’s wilt of corn), Ralstonia
(southern bacterial wilt of Solanaceous crops and Moko disease
of banana), Xanthomonas (black rot of crucifers, bacterial blight
of rice), and Xylella (Pierce’s disease of grape, citrus variegation
chlorosis; Tjamos and Beckman, 1989; Agrios, 2005; Chatter-
jee et al., 2008; Schumann and D’Arcy, 2010; Nadarasah and
Stavrinides, 2011; Roper, 2011). Bacterial vascular wilt pathogens
overwinter in plant debris in soil, in seeds, in vegetative propag-
ules, or in their insect vectors as dormant cells (Agrios, 2005).
They enter host tissues only passively, via wounds, cracks, or nat-
ural openings such as stomata and hydathodes, while others are
directly delivered into the xylem by insect vectors, such as Xylella
fastidiosa by sharpshooter leafhoppers and spittlebugs, Pantoea
stewartii by corn ﬂea beetles and E. tracheiphila by cucumber bee-
tles (Schumann and D’Arcy, 2010; Nadarasah and Stavrinides,
2011; Roper, 2011). After entrance, they rapidly multiply and
invade the root cortex and vascular parenchyma intercellularly,
from where they spread to the xylem vessels that are used as
avenues for passive spread to aerial plant parts. During coloniza-
tion, bacterial wilt pathogens degrade xylem cell wall components,
parenchyma cells, and pit membranes, resulting in slimy masses
of bacteria and cellular debris (Agrios, 2005; Schumann and
D’Arcy, 2010).
OOMYCETE VASCULAR WILT PATHOGENS
Only one oomycete genus, Pythium, contains vascular wilt
pathogens. Pythium mainly infects seeds or seedlings in the soil,
causing pre-emergence or post-emergence seedling damping-off
disease, and young and juvenile plant tissues (Martin and Loper,
1999; Oliver et al., 2009). The genus Pythium comprises many
complex species, most of which are plant pathogens, while oth-
ers are saprophytes or animal parasites (Martin and Loper, 1999).
Pythium species survive in soil or in organic substrates for long
periods of time as dormant oospores; thick-walled sexual spores
that can withstand harsh environmental conditions (Martin and
Loper, 1999). Oospores germinate upon stimulation by exudates
released from plants, and often produce a sporangium contain-
ing zoospores that are released and encysted after host contact.
Alternatively, oospores produce germinating hyphae to penetrate
the root epidermis, migrate through the cortex, endodermis, and
parenchyma cells, and eventually invade the vascular stele causing
typical damping-off symptoms (Rey et al., 1998).
XYLEM STRUCTURE AND DEVELOPMENT
The xylem consists of distinct cells with special wall structures
that allow efﬁcient transport of water and solutes from the roots
to upper plant parts. The xylem functions not only in long dis-
tance transport, but also provides physical strength to the plant.
Xylem development occurs in two phases during which primary
and secondary xylem is produced (Fukuda, 1997, 2004; Ye, 2002;
Zhang et al., 2011). Primary development involves the formation
of primary xylem from procambium cells which are derived from
the apical meristem. Procambium cells give rise to xylem pre-
cursor cells that eventually differentiate into treachery elements,
xylem parenchyma cells or ﬁber cells; collectively called the xylem
(Ye, 2002; Fukuda, 2004). Treachery elements, which consist of
tracheid and vessel elements, are the main conductive tissues.
While the xylem parenchyma cells are metabolically active and
adapted for storage and transport, the xylem ﬁber cells together
with treachery elements provide physical support (Nieminen et al.,
2004). Following xylem differentiation, the treachery elements
undergo cell elongation before the initiation of secondary xylem
wall development (Ye, 2002; Fukuda, 2004; Nieminen et al., 2004;
Zhang et al., 2011). The secondary xylem walls, which are derived
from vascular cambium, are deposited onto the primary xylem
walls (Fukuda, 1997; De Boer andVolkov, 2003). Secondary xylem
is made of cellulose microﬁbrils, crystalline aggregates of linear
polymers of D-glucopyranosyl residues linked in β-(1-4) confor-
mation (Brett, 2000; Emons and Mulder, 2000). The secondary
xylem walls are further impregnated with different polysaccha-
rides, such as lignin, hemicellulose, pectin, and structural proteins
that add strength and rigidity to the wall (Ye, 2002; Fukuda,
2004;Yokoyama andNishitani, 2006). Subsequently, the secondary
xylem walls are ligniﬁed, cross-linked, and eventually water-
proofed by polymerization of the aromatic compoundmonolignol
(Fukuda, 1996; De Boer and Volkov, 2003). The patterned sec-
ondary xylem walls provide physical strength to the treachery
elements towithstand the negative pressure generated during tran-
spiration and by the compressive pressure from surrounding cells
(Ye, 2002; Nieminen et al., 2004; Choat and Pittermann, 2009;
Zhang et al., 2011).
The ﬁnal step of xylem development is the induction of
programed cell death (PCD) that destroys the cellular contents
of treachery elements, leaving behind hollow tube-like vessels
through which water and nutrients ﬂow (Fukuda, 1997; Zhang
et al., 2011). The PCD is developmentally regulated and is strongly
associated with secondary xylem wall formation (Fukuda, 2004).
The vessel tubes are dedicated to the unrestricted water and solute
movement throughout the plant and individual vessels are inter-
connected through small openings calledpits (DeBoer andVolkov,
2003; Choat and Pittermann, 2009). Pits between vessels typi-
cally have overarching secondary walls that form a bowl-shaped
chamber, referred to as a border pit (De Boer and Volkov, 2003;
Jansen et al., 2004). Border pit exists in pairs and contain a pit
membrane at the center, which is formed from primary walls
and the intervening middle lamella (De Boer and Volkov, 2003).
The pit membrane is made of cellulose microﬁbrils embedded
in polysaccharide matrix of hemicellulose and pectin (Tyree and
Zimmermann, 2002; Pérez-Donoso et al., 2010). This ﬁne mesh-
like and tightly interlocked polysaccharide structure has minute
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openings through which water and solutes can move with a mini-
mal resistance between vessels or to neighboring parenchyma cells
(Choat and Pittermann, 2009). In angiosperm trees, the pit pore
diameter varies between 5 and 20 nm (Choat et al., 2003, 2004),
thus acting as a safety mechanism to limit the spread of embolism
within xylem vessels (Tyree and Zimmermann, 2002; De Boer and
Volkov, 2003; Choat et al., 2008; Pérez-Donoso et al., 2010).
All vascular wilt pathogens have to breach the highly structured
and rigid secondary xylem walls to enter the vessels. Also the pit
membranes are a major barriers for vascular pathogens as vascular
wilt pathogens are too large to pass pit membrane pores (Choat
et al., 2003, 2004). For example, the rod-shaped bacterium Xylella
fastidiosa has a cell size of 0.25–0.5 μm in diameter (Mollenhauer
and Hopkins, 1974), while the conidia of Verticillium species have
a diameter of about 2.2 μm (Qin et al., 2008).
THE XYLEM AS A NICHE FOR VASCULAR WILT PATHOGENS
The xylem is a nutritionally poor environment, which could be an
important reason why only a limited number of plant pathogens
are able to thrive in this environment. Possibly, vascular wilt
pathogens exploit this niche to avoid competition with other
microbes (McCully, 2001). However, as they reside in the xylem
for the major part of their lifecycle, vascular pathogens need to be
able to obtain all factors required for growth, reproduction, and
survival.
NUTRIENT COMPOSITION OF XYLEM SAP
Nitrate, sulfate, and phosphate are among the most abundant
inorganic anions in the xylem sap, whereas calcium, potassium,
magnesium, and manganese are the most predominate inorganic
cations present in the xylem sap of oilseed rape (Nakamura et al.,
2008). Although only in relatively low amounts, xylem sap also
contains various carbohydrates, such as glucose, fructose, sac-
charose, maltose, rafﬁnose, trehalose, and ribose (Alvarez et al.,
2008; Nakamura et al., 2008; Fernandez-Garcia et al., 2011; Krish-
nan et al., 2011). Of these, glucose, fructose, and saccharose are
predominant and are utilized as a carbon source for growth.
Xylem sap furthermore contains various proteins, amino acids,
and organic acids, which can also act as source of organic and
inorganic nutrients (Alvarez et al., 2008; Nakamura et al., 2008;
Fernandez-Garcia et al., 2011; Krishnan et al., 2011). For instance,
the sulfur-containing amino acids methionine and cysteine can
be used as a source of inorganic sulfur (Divon and Fluhr, 2007;
Krishnan et al., 2011). Nevertheless, the quantities of the organic
and inorganic compounds in the xylem sap are extremely low
and ﬂuctuate with day time, growth condition, and plant species
(Siebrecht et al., 2003).
NUTRIENT ACQUISITION BY VASCULAR WILT PATHOGENS
Vascular wilt pathogens satisfy their nutritional requirements by
efﬁciently acquiring the scarce nutrients available in the xylem
sap, by enzymatic digestion of host cell walls, by invading neigh-
boring cells, or by inducing nutrient leakage from surrounding
tissues (Divon et al., 2005; Möbius and Hertweck, 2009; Kloster-
man et al., 2011).
Nitrogen is one of the limiting nutrients in the xylem sap for
vascularwilt pathogens (Divon et al., 2005). The preferred primary
nitrogen sources for fungal pathogens, ammonia, glutamine, and
glutamate (Marzluf, 1997; Divon et al., 2006), are scarce in xylem
sap. In absence of primary nitrogen sources, fungi can utilize sec-
ondary nitrogen sources such as nitrate, nitrite, purines, amides,
amino acids, andproteins (Marzluf,1997;Divon et al., 2005,2006).
GATA transcription factors, such as the F. oxysporum f. sp. lycop-
ersici global nitrogen regulator (FNR1), are known to regulate
utilization of secondary nitrogen sources (Marzluf, 1997; Divon
andFluhr,2007; Bolton andThomma,2008;Donofrio et al.,2009).
FNR1 mutants grow normally on primary nitrogen sources, but
fail to utilize secondary nitrogen sources such as amino acids,
hypoxanthine, and uric acid (Divon et al., 2006). Disruption of
FNR1 not only affected virulence of F. oxysporum f. sp. lycopersici
on tomato, but also regulation of three nitrogen acquisition genes,
Gap1, Mtd1, and Uricase during growth in planta, suggesting that
FNR1 regulates the utilization of secondary nitrogen sources in
planta (Divon et al., 2006).
Analysis of the whole genome sequences of F. oxysporum f.
sp. lycopersici, V. dahliae, and V. albo-atrum showed that these
genomes are enriched in genes that encode cell wall-degrading
enzymes (CWDEs) that may be used for the enzymatic digestion
of xylem walls and pit membranes (Ma et al., 2010; Klosterman
et al., 2011). Also other vascular wilt pathogens are known as
CWDE producers (Di Pietro et al., 2003; Jha et al., 2005; Sun
et al., 2005; Fradin and Thomma, 2006; Michielse and Rep,
2009; Klosterman et al., 2011). While degrading cell wall compo-
nents, these enzymes liberate sugars that may be used as nutrient
sources.
Various vascular wilt pathogens produce high- and low-
molecular weight phytotoxins during host colonization that have
often been associated with wilt symptom development (Temple
andHorgen,2000;Wang et al., 2004; Palmer et al., 2005; Stipanovic
et al., 2011; Zhou et al., 2012; Santhanam et al., 2013). As several
phytotoxins disturb plant cell membrane integrity (Möbius and
Hertweck, 2009), leakage of nutrients may occur from cells sur-
rounding the xylem vessels that can be utilized by vascular wilt
pathogens. For instance, two Verticillium necrosis- and ethylene
inducing-like proteins, NLP1 and NLP2, were shown to display
cytotoxic activity and differentially contribute to virulence on var-
ious host plant species, although the mechanism through which
these NLPs contribute to virulence remains unclear (Zhou et al.,
2012; Santhanam et al., 2013). Interestingly, compared with other
ascomycete plant pathogens that typically contain up to three
NLP genes, the NLP gene family is expanded in the V. dahliae
genome (Klosterman et al., 2011; Santhanam et al., 2013). A sim-
ilar expansion has been reported for the F. oxysporum genome,
and it has been speculated that this expansion has contributed to
their broad host range among dicotyledonous plant hosts (Ma
et al., 2010; Klosterman et al., 2011). However, in addition to
NLP1 and NLP2, none of the other V. dahliae NLPs were found
to display cytotoxic activity, and their potential role in fungal
virulence still remains enigmatic (Zhou et al., 2012; Santhanam
et al., 2013).
Finally, although most vascular wilt pathogens are conﬁned to
xylem vessels, some of them degrade xylem vessel walls to colonize
adjacent parenchyma cells (Agrios, 2005). These pathogens may
obtain nutrition by parasitizing parenchyma cells.
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PLANT DEFENSE AGAINST VASCULAR WILT PATHOGENS
Plants deploy two types of defenses against invading pathogens:
pre-existing and inducible plant defense responses. The pre-
existing defenses are constitutive and provide physical and
chemical barriers against attempted host penetration. Once suc-
cessful pathogens breach pre-existing defenses, they encounter
a spectrum of inducible defense responses with microbe-
associatedmolecular pattern (MAMP)-triggered immunity (MTI)
and effector-triggered immunity (ETI) as two extreme ends
(Jones and Dangl, 2006; Dodds and Rathjen, 2010). While
MTI is activated upon recognition of conserved MAMPs, ETI
is activated upon recognition of secreted effector proteins
(Figure 1).
PERCEPTION OF VASCULAR WILT PATHOGENS
In general, plants sense invading pathogens by using two types
of receptors: extra- and intracellular receptors (Figure 1). While
extracellular receptors recognize pathogen molecules on the cel-
lular surface as well as damage-associated host molecules that are
released as a consequence of pathogen activity, intracellular recep-
tors recognize pathogen molecules that are delivered inside host
cells (Figure 1). This extra- and intracellular receptor-mediated
recognition of pathogen molecules [microbe-associated molec-
ular patterns (MAMPs)/pathogen-associated molecular patterns
(PAMPs), effectors] leads to the activation of plant innate immu-
nity that wards off invading pathogens. Consequently, failure of
a host plant to perceive invading pathogens leads to susceptibility
and successful pathogen infections (Figure 2).
Extracellular plant receptors
Several MAMP receptors have been characterized, including Ara-
bidopsis FLS2 (ﬂagellin-sensitive 2), EFR (elongation factor Tu
receptor), and CERK1 (chitin elicitor receptor kinase 1), and
rice CEBiP (chitin elicitor binding protein). While FLS2 and EFR
encode receptor-like kinases (RLKs) that recognize the bacterial
MAMPs ﬂg22 and EF-Tu, respectively (Gómez-Gómez et al., 2001;
Kunze et al., 2004; Zipfel et al., 2006), CERK1 and CEBiP encode
LysMdomain-containing receptors that recognize chitin, themain
constituent of fungal cell walls (Gómez-Gómez et al., 2001; Kunze
et al., 2004; Zipfel et al., 2006). These MAMP receptors are con-
sidered to display a low degree of speciﬁcity and broadly act in
pathogen defense.
FIGURE 1 | Perception of vascular wilt pathogens and activation of
subsequent plant immune responses. Plants perceive PAMPs/MAMPs
or effector proteins of vascular wilt pathogens using extracellular or
intracellular receptors and activate immune responses in the xylem. The
tomato receptor-like protein Ve1 and the rice receptor-like kinase Xa21 are
examples of extracellular receptors that recognize Verticillium Ave1 and
Xanthomonas oryzae pv. oryzae Xa21, respectively. Tomato I-2 and
Arabidopsis RRS1-R are examples of intracellular NB–LRR-type
receptors that perceive the F. oxysporum f. sp. lycopersici Avr2 effector
and the R. solanacearum effector PopP2, respectively. Presumably, these
processes take place in the parenchyma cells surrounding the xylem
vessels.
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FIGURE 2 | Xylem occlusion limits pathogen growth in resistant plants.
Schematic drawing of cross-sections (top) or longitudinal sections (bottom) of
a fungal-infected xylem vessel of a resistant (left) and a susceptible (right)
plant. In the resistant plant, timely induction of the formation of tyloses,
bubble-like outgrowth of the parenchyma contact cells surrounding the xylem
vessels that protrude into the lumen of the vessel, are able to trap the fungus
after which elimination can occur. As long as the number of vessels that is
closed by the tyloses is limited, the host plant will not suffer from droughts
stress. In the susceptible plant, tylose formation cannot trap the pathogen
which is able to spread and further colonize the xylem.
Extracellular plant receptors that play a role in plant defense
against speciﬁc vascular wilt pathogens have also been described.
Rice Xa21 confers resistance against Xanthomonas oryzae pv.
oryzae (Xoo; Song et al., 1995). Xa21 recognizes Ax21 (acti-
vator of Xa21), a type I-secreted sulfated protein (Song et al.,
1995; Lee et al., 2009). Similar to FLS2 and EFR, Xa21 encodes
a RLK (Song et al., 1995; Park et al., 2010b). Xa21 physically
interacts with XB24, a protein with a C-terminal ATP synthase
(ATPase) motif (Chen et al., 2010). XB24 promotes autophos-
phorylation of Ser/Thr residues on Xa21 through its ATPase
activity, keeping Xa21 in an inactive state (Chen et al., 2010; Chen
and Ronald, 2011). Upon Xa21-mediated Ax21 recognition, the
Xa21 kinase becomes activated, triggering rice defense responses
(Chen et al., 2010; Park et al., 2010b). XB25, plant-speciﬁc
ankyrin-repeat family protein (Jiang et al., 2012), and BiP3, an
endoplasmic reticulum chaperone protein (Park et al., 2010a), are
also reported to be involved in Xa21-mediated rice immunity
against Xoo.
Tomato Ve1 is another example of extracellular plant receptor
that plays a role in xylem defense. Ve1 is an extracellular leucine-
rich repeat (LRR) receptor-like protein (RLP; Kawchuk et al., 2001;
Wang et al., 2008) that provides resistance against race 1 isolates
of V. dahliae and V. albo-atrum (Fradin et al., 2009, 2011). Inter-
estingly, Fradin et al. (2011) have recently shown that interfamily
transfer of Ve1 gene to Arabidopsis confers resistance against race
1 isolates of V. dahliae and V. albo-atrum. Recently, the pathogen
ligand that is perceived byVe1 was identiﬁed as the Ave1 effector, a
small (134 aa) effector protein with four cysteines that is required
for full virulence on tomato plants lacking Ve1 (De Jonge et al.,
2012). Ave1 is homologous to a widespread family of plant natri-
uretic peptides, mobile signaling molecules that play a role in the
regulation of water and ion homeostasis, and it was suggested that
Ave1 was acquired by Verticillium through horizontal gene trans-
fer from plants (De Jonge et al., 2012). Ave1 homologs are found
in a few other plant pathogens, including the vascular wilt fun-
gus F. oxysporum f. sp. lycopersici, but a role in virulence has not
yet been demonstrated for these homologs (De Jonge et al., 2012).
Intriguingly, the Ave1 homolog from F. oxysporum f. sp. lycopersici
is recognized by Ve1 upon transient co-expression in tobacco, and
Ve1 was found to mediate resistance toward F. oxysporum f. sp.
lycopersici in tomato (De Jonge et al., 2012).
Recently, Zhang et al. (2013) have reported the presence of a
functional Ve1 ortholog in the tobacco species Nicotiana gluti-
nosa, as Ave1 expression in N. glutinosa causes an hypersensitive
response (HR), rapid and localized cell death of plant tissue sur-
rounding the site where recognition of pathogen effectors by
host immune receptors occurs. Furthermore, N. glutinosa shows
resistance against race 1V. dahliae that is compromised upon inoc-
ulation with an Ave1 deletion mutant of a race 1 V. dahliae isolate
(Zhang et al., 2013).
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Intracellular plant receptors
Also intracellular plant receptors that mediate plant defense
against xylem-invading pathogens have been characterized. The
tomato I-2 gene is an intracellular receptor that contributes to
resistance against race 2 isolates of F. oxysporum f. sp. lycopersici
(Huang and Lindhout, 1997; Takken and Rep, 2010). It encodes a
cytoplasmic CC (coiled-coil)–NBS (nucleotide-binding site)–LRR
receptor protein that recognizes the effector protein Avr2, which
was initially identiﬁed from the xylem sap of tomato infected by
F. oxysporum f. sp. lycopersici and is taken up by tomato cells
(Houterman et al., 2007, 2009; Takken and Rep, 2010).
The Arabidopsis RRS1-R resistance protein is an intracellular
plant receptor that confers resistance against R. solanacearum.
RRS1-R encodes a TIR (Toll/interleukin1 receptor)–NBS–LRR
R-protein and contains a C-terminal nuclear localization signal
(NLS) and a WRKY domain (Deslandes et al., 2002). It recognizes
the R. solanacearum type III-secreted effector protein PopP2 (Des-
landes et al., 2003). RRS1-R physically interacts with the effector
PopP2 (Deslandes et al., 2003). RRS1-R requires RD19, a cysteine
protease that also binds to PopP2 (Deslandes et al., 2003; Bernoux
et al., 2008). RD19 is localized in the vacuole in absence of PopP2
and re-localizes to the nucleus in the presence of PopP2 (Deslandes
et al., 2003; Bernoux et al., 2008). However, no direct interaction
betweenRRS1-R andRD19has been reported so far. Thus, the cur-
rent notion is that RRS1-R potentially recognizes the RD19/PopP2
complex in the nucleus and activates the Arabidopsis ETI against
R. solanacearum.
PLANT DEFENSE RESPONSES IN THE XYLEM
Comparison of the transcriptional changes in tomato induced by
Cladosporium fulvum, a fungal foliar pathogen that causes leaf
mold of tomato, with those induced by the vascular wilt pathogen
V. dahliae revealed that the Cladosporium fulvum-induced tran-
scriptional changes showed little overlap with those induced by
V. dahliae (van Esse et al., 2009). Moreover, within the subset of
genes that are regulated by both pathogens, many genes showed
inverse regulation (van Esse et al., 2009).
Recognition of vascular wilt pathogens mediated by either
extracellular or intracellular receptors leads to the activation of
defense responses in the xylem vessels. These comprise physical
defense responses which halt or contain the pathogen from fur-
ther spread in the xylem vessels, and chemical defense responses
that kill the pathogen or inhibit its growth (Figure 2).
A common defense mechanism in xylem vessels against vas-
cular wilt pathogens is the formation of tyloses (Beckman, 1964;
Talboys, 1972; Rahman et al., 1999; Fradin and Thomma, 2006).
Tyloses are outgrowths of vessel-associated parenchyma cells
which protrude into the xylem vessel through pits and block the
spread of pathogens (Beckman, 1964; Talboys, 1972; Grimault
et al., 1994; Agrios, 2005). They are formed during both compat-
ible and incompatible interactions between the host and vascular
wilt pathogens, although the time and extent of tylose formation
signiﬁcantly differs (Figure 2). Tyloses form much faster and more
extensively in resistant plants when compared to susceptible plants
(Grimault et al., 1994; Fradin and Thomma, 2006).
Often, the generation of tyloses is associated with the produc-
tion of gels and gums around the differentiated tylose (Clérivet
et al., 2000). Using immuno-gold labeling, strong accumulation of
pectin-rich materials around the parenchyma cells, pit membrane,
and the newly emerging tylose was observed in the xylem vessels of
Platanus acerifolia cultivar infected by Ceratocystis ﬁmbriata f. sp.
platani (Clérivet et al., 2000). Plants potentially accumulate these
pectin-rich gels and gums around tyloses to completely seal off
a xylem vessel to prevent the vascular wilt pathogen from spread
to adjacent xylem vessels (Rahman et al., 1999). However, com-
plete sealing of xylem vessels can be disadvantageous for the plant
as well. If tylose formation affects too many vessels and no new
vessels are formed, tylose formation can result in drought stress
(Fradin and Thomma, 2006).
Another typical symptom of Verticillium infection is vein
clearing. Based on infections of V. longisporum on Arabidop-
sis and Brassica napus, it was recently reported that this vein
clearing is caused by Verticillium-induced transdifferentiation of
chloroplast-containing bundle sheath cells to functional xylem
elements (Reusche et al., 2012). In addition, it was shown that
infected Arabidopsis wild-type plants display enhanced drought
stress tolerance compared with non-infected plants, suggesting
that Verticillium infection activates a tissue-speciﬁc developmen-
tal program that compensates for compromised water transport
(Reusche et al., 2012).
Another physical defense response observed during xylem col-
onization is vascular coating. A quick vascular wall coating around
the initially infected and the adjacent xylem vessels, infusing the
pit membrane and primary walls was observed in resistant chili
pepper inoculated with R. solanacearum, whereas the xylem wall
coating was not observed in susceptible chili pepper (Rahman
et al., 1999). Similar coating of xylem parenchyma cells induced
by V. albo-atrum was reported in tomato (Street et al., 1986) and
alfalfa (Newcombe and Robb, 1988), indicating that infusion of
pit membranes, primary walls and parenchyma cells with coating
materials could prevent lateral and vertical spreading of vascular
wilt pathogens in the xylem vessels. Furthermore, callose deposi-
tion and swelling of the primary walls of the xylem vessels was
reported during the interaction of R. solanacearum with chili
pepper (Rahman et al., 1999). Previously, a similar deposition of
callose in resistant and susceptible tomato infected with F. oxyspo-
rum f. sp. lycopersici was reported (Beckman et al., 1982). However,
the resistant cultivar maintains a stronger level of callose deposi-
tion during the course of the infection than the susceptible cultivar
(Beckman et al., 1982). This high level deposition of callose in the
resistant cultivar around the initially infected cells could inhibit
pathogens from further spread.
Xylem colonization by Xanthomonas campestris pv. campestris
has been reported to activate vascular immunity that triggers
an HR, referred to as vascular HR (Xu et al., 2008). Vascular
immunity was proposed based on the fact that AvrACXcc8004 (also
referred to as XopAC), a type III effector protein of Xanthomonas
campestris pv. campestris that confers avirulence in Arabidopsis
ecotype Col-0, provides resistance when exclusively targeted to the
vascular system (Xu et al., 2008). Inﬁltration of AvrACXcc8004 into
leaf mesophyll tissue of Col-0 did not trigger resistance against
Xanthomonas, implying that AvrACXcc8004-mediated activation
of defense (vascular immunity) occurs in the xylem. Castañeda
et al. (2005) previously reported that the Xanthomonas campestris
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pv. campestris effector protein AvrXccFM elicits vascular HR on
Florida mustard seedlings. It is, however, important to note that
unlike the HR occurring in leaf mesophyll cells, vascular HR is
difﬁcult to score (Castañeda et al., 2005; Xu et al., 2008).
WAT1 (Walls Are Thin1), which is involved in secondary cell
wall deposition, is also implicated in vascular immunity (Denancé
et al., 2012).WAT1mutantArabidopsis plants are resistant to bacte-
rial and fungal vascular wilt pathogens but not to foliar pathogens
(Denancé et al., 2012). In leaf inoculation assays, wat1 provides
resistance to R. solanacearum and Xanthomonas campestris pv.
campestris onlywhen directly injected into the vascular system, but
not when injected into mesophyll tissues (Denancé et al., 2012),
demonstrating the tissue-speciﬁc immune response. Likely, wat1
resistance involves root-localized metabolic channeling away from
indole metabolites to salicylic acid (Denancé et al., 2012).
Arabidopsis AHL19, an AT-hook DNA binding protein, pro-
vides enhanced resistance to three plant pathogenic Verticillium
spp. but not to the foliar pathogens Botrytis cinerea, Plec-
tosphaerella cucumerina, and Alternaria brassicicola and enhanced
susceptibility to Pseudomonas syringae pv. tomato, suggesting a
role as positive regulator of xylem-speciﬁc plant immunity (Yadeta
et al., 2011).
Xylem infection causes drastic metabolic changes in xylem
parenchyma cells, which are located adjacent to the infected ves-
sels. Thesemetabolic changes lead to the accumulation of different
proteins and secondary metabolites in the xylem sap. Some of the
proteins and secondary metabolites that accumulate in the xylem
sap during xylem colonization include PR-1, PR-2, PR-3, PR-
4, PR-5, peroxidases, proteases, xyloglucan-endotransglycosylase
(XET), and xyloglucan-speciﬁc endoglucanase inhibitor protein
(XEGIP), phenols, phytoalexins, and lignin-like compounds
(Cooper et al., 1996; Hilaire et al., 2001; Rep et al., 2002, 2003;
Williams et al., 2002; Houterman et al., 2007; Basha et al., 2010;
Gayoso et al., 2010). These compounds are known to contribute
directly or indirectly to plant defense. The PR-1, PR-2, PR-3, and
PR-5 were also among the proteins abundantly accumulated in
xylem sap during compatible interaction between Fusarium and
tomato (Rep et al., 2002;Houterman et al., 2007). For instance, PR-
2 (β-1, 3-glucanase) and PR-3 (chitinase) hydrolyze the fungal cell
wall component β-1,3-glucan and chitin, respectively (Leubner-
Metzger and Meins, 1999; van Loon et al., 2006). In addition,
antimicrobial activity of PR-5 proteins has also been demonstrated
toward multiple pathogens (van Loon et al., 2006), implying that
the presence of these proteins in xylem sap could inhibit or slow
down the growth of the fungal vascularwilt pathogens in the xylem
vessels.
Peroxidases are among the abundantly accumulated enzymes
in xylem sap during host colonization of vascular wilt pathogens.
The cationic peroxidase, PO-C1, accumulates in the cytoplasm,
the primary and secondary walls of the xylem parenchyma,
and lumen cells during incompatible interactions between Xoo
and rice (Hilaire et al., 2001). Peroxidases are heme-containing
enzymes that catalyze the oxidation of different substrates using
hydrogen peroxides as an electron acceptor (Gayoso et al., 2010).
Peroxidases are known to be involved in the production of
reactive oxygen species through their enzymatic activity and
reactive oxygen species are toxic compounds that can eliminate
vascular wilt pathogens. Furthermore, peroxidases are impli-
cated in the polymerization of cell wall compounds, lignin and
suberin biosynthesis, and regulation of hydrogen peroxide lev-
els, which all can contribute to defense (Hilaire et al., 2001;
Passardi et al., 2005).
Plants accumulate different phenolic compounds in the xylem
in response to infection. Olive trees accumulate phenols such as
rutin, oleuropein, luteolin-7-glucoside, and tyrosol at the site of
V. dahliae infection that were shown to have a toxic effect on V.
dahliae (Báidez et al., 2007). Interestingly, exogenous treatment
of Dutch elm trees with phenolic compounds induces accumula-
tion of suberin-like compounds in the xylem tissue and thereby
increases resistance to O. novo-ulmi (Martín et al., 2008). This
indicates that, in addition to direct toxicity, phenolic compounds
could also activate other defense responses against vascular wilt
pathogens.
Plants employ not only complex organic phytoalexins as
defense mechanism against vascular wilt pathogens, but also
employ inorganic compounds such as elemental sulfur and sulfur-
containing inorganic compounds (Williams et al., 2002; Cooper
and Williams, 2004). During an incompatible interaction between
V. dahliae and tomato elemental sulfur mainly accumulates in
xylem parenchyma cells, xylem vessel walls, and around the vas-
cular occluding gels (Williams et al., 2002). Similar accumulation
of elemental sulfur has been observed in an incompatible inter-
action between V. dahliae and cacao (Theobroma cacao) or cotton
(Cooper et al., 1996; Cooper and Williams, 2004). The accumu-
lation of inorganic sulfur speciﬁcally in xylem vessel walls and
around the vascular occluding gels might suggest its role in elimi-
nating vascular wilt pathogens that are arrested by physical defense
responses.
Overall, chemical defense responses play major roles in xylem
defense. Some chemical compounds accumulated in xylem sap
after infection modulate the morphology of xylem tissue and
by doing so inhibit vertical and lateral colonization of the
pathogens, whereas other compounds accumulate during xylem
infection have antimicrobial activity and can eliminate vascular
wilt pathogens contained by the physical defense responses.
CONCLUSION
Vascular wilt pathogens have adapted to thrive in the xylem, which
is known as a nutrient-poor niche, causing vascular wilt dis-
eases on hundreds of plant species. Recognition of vascular wilt
pathogens by both extra- and intracellular plant receptors triggers
plant innate immune responses that comprise physical and chem-
ical defenses. Both types of defense responses occur in the xylem
vessels in a coordinated manner, where physical defense responses
mainly prevent the pathogens from spreading in the xylem ves-
sels and chemical defense responses kill the pathogen or inhibit its
growth.
Currently, little is known about the interaction between vas-
cular wilt pathogens and their hosts. As this interaction takes
place in xylem vessels which are located deep in the plant inte-
rior, the molecular basis underlying the interaction between
vascular wilt pathogens and their hosts remains largely obscure.
Genetic resistance is the best strategy for controlling vascular
wilt pathogens. To develop genetic resistance, however, a deeper
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understanding of the host defense mechanisms as well as the biol-
ogy, evolution and pathogenicity of vascular wilt pathogens is
required.
VASCULAR WILT PATHOGENS INDUCE DROUGHT STRESS
Wilting of plant parts as a consequence of xylem dysfunction is
the most conspicuous symptom of vascular wilt disease. Daugh-
erty et al. (2010) have nicely demonstrated using stable carbon
isotope labeling that Xylella fastidiosa induces drought stress in
alfalfa. Many factors can contribute to xylem occlusion, such as
high- and low-molecular weight polysaccharides secreted by vas-
cular wilt pathogens during xylem colonization and the presence
of pathogen biomass (bacterial cells and fungal and oomycete
mycelium and spores) in the xylem vessels. However, also plant
defense responses can contribute to xylem occlusion, such as
tyloses that are formed by the parenchyma cells and gum and
gels that are secreted (Fradin and Thomma, 2006; Klosterman
et al., 2009; Beattie, 2011). Embolism (the formation of air bub-
bles) in xylem vessels is another factor that can reduce the
hydraulic conductivity of the xylem. Pérez-Donoso et al. (2007)
have demonstrated using magnetic resonance imaging that Xylella
fastidiosa-infected grape displayed early occurrence of embolism,
which correlated with decreased xylem conductivity and drought
stress. Although several research reports identify a correlation
between xylem infection and drought stress, a recent report
revealed enhanced drought tolerance in Arabidopsis upon Verti-
cillium infection (Reusche et al., 2012). Arabidopsis plants infected
with V. longisporum exhibited increased de novo xylem formation
with newly transdifferentiated xylem vessels that were able to com-
pensate for the occluded ones. Consequently, the plants showed
higher drought stress tolerance when compared with non-infected
plants.
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